Eukaryotic cells are characterized by very large chromosomal DNAs efficiently packed within the nucleus. To identify the mechanism of chromosomal packaging based on the uniqueness of the centromere region in Saccharomyces cerevisiae, we isolated the HCH6 mutant, which shows 2.5-fold higher efficiency of site-specific recombination between the CEN5 and HIS3 loci than the wild-type CH53 strain. This mutant also displayed defects in cell integrity at high temperature. The SSD1 gene was perhaps responsible for this defect. The efficiency of site-specific recombination was decreased by the introduction of SSD1 in HCH6 cells and increased by disruption of SSD1 in the wild-type cells. Furthermore, the distances between the CEN5 and HIS3 loci and between the CEN5 locus and the spindle pole body (SPB) indicated that disrupting SSD1 caused a loss of the anchoring of the CEN5 locus near SPB. These results suggest Ssd1p-dependent cross-talk between chromosomal positioning within the nucleus and the positioning of cellular components within the cell.
In eukaryotic cells, very large chromosomal DNAs are efficiently packed within the nucleus. A haploid cell of the budding yeast Saccharomyces cerevisiae contains 16 chromosomal DNAs with a total length of about 14 Mb, equivalent to 5 mm. 1) These chromosomal DNAs are packed in an orderly manner within the nucleus, which has a diameter of about 2 mm, just a thousandth of the total length of the chromosomal DNAs. Various processes, including replication, transcription, recombination, and repair, are performed efficiently on chromosomal DNAs. Moreover, chromosomal DNAs are neither twisted nor cut, and are accurately transmitted to the daughter cell. Thus the packaging of chromosomal DNAs that is chromosomal structure within the nucleus, is responsible for maintaining the chromosomes and efficiently performing various processes. Hence on explanation of the packaging of chromosomal DNAs within a nucleus is vital to understand the regulation of biological activity.
The packaging of chromosomal DNA can be divided into two categories, higher order structure and spatial positioning. Chromosomal positioning within the nucleus and changes in position during the cell cycle have recently been explained in some detail. Each chromosome occupies a specific spatial region within the nucleus, and chromosomal domains reside at specific locations in the interphase. Centromeres of each chromosome cluster near the spindle pole body (SPB), 2, 3) and telomeres bind to the nuclear envelope. [4] [5] [6] [7] These localizations switch between the G 1 and S phases. Centromeres and telomeres move to the replication factory in the central region of the nucleus in the S phase. 8, 9) The rDNA region resides in the crescent-shaped nucleolus in a location opposite to the bud. 1) Little is known about the mechanism of chromosomal positioning.
Cell integrity is important to the maintenance and control of cells by appropriate regulation of morphogenesis and the strength of the cell wall through the activation of cell wall biogenesis under environmental stresses such as heat shock, hypo-osmotic shock, and exposure to cell wall-perturbing agents. 10, 11) Environmental stresses are detected by sensors in the plasma membrane and are transmitted to the Pkc1p-mediated MAP kinase cascade via a small G-protein (Rho1p). They activate transcription factors such as the SBF complex (Swi4p/Swi6p) and Rlm1p before activating gene expression related to cell wall biogenesis. The cell integrity pathway is further connected with the development of cell polarity. As the bud emerges, actin patches appear at the site of bud emergence and then localize in the bud, while bud-associated actin cables extend along the long axis of the mother cell into the bud. Various cellular components required for the development of the daughter cell are transmitted to the bud via actin cables. 12, 13) At the early budding stage, a chitin ring is formed at the site where the bud emerges. In cytokinesis, mother and daughter cells are separated by a septum containing chitin or not, and are segregated by decomposition of the chitin septum. 14) Cells having defects in cell integrity lose cell polarity, stop growing, and are lysed as they cannot cope with the environmental changes around them. It is believed that cell polarity is closely associated with nuclear localization within a cell. Furthermore, chromosomal localization and clarification of the relationship between cell integrity and spatial localization within a nucleus should give a new way to explain the mechanism of spatial localization within the nucleus.
In our laboratory, the mechanism of chromosomal packaging within a nucleus was determined by closely monitoring the efficiencies of site-specific recombination between various sets of target points on chromosomes using the site-specific recombination system 15) of a plasmid pSR1 derived from the yeast Zygosaccharomyces rouxii. Among all the target points examined, a decrease in the efficiency of site-specific recombination was observed in points close to the centromere. Since the efficiency of site-specific recombination is affected by spatial positioning within the nucleus and the higherorder structure of the chromosome (chromatin structure), the centromere region is believed to bring about a particular position or higher-order structure. Hence we wanted to isolate and analyze a mutant that shows higher efficiency in site-specific recombination between the CEN5 and HIS3 loci. We isolated the HCH6 mutant, which showed 2.5-fold higher efficiency. This particular mutant also displayed a defect in growth at high temperature as well as in cell integrity. It was determined that the SSD1 gene caused the defect in cell integrity. The efficiency of site-specific recombination was decreased by the introduction of SSD1 to HCH6 cells and increased by disruption of SSD1 in the wildtype cells. Furthermore, distances between the CEN5 and HIS3 loci and between the CEN5 locus and SPB showed that disruption of SSD1 brings about a loss of anchoring for the CEN5 locus near SPB. These results suggest a Ssd1p-dependent cross-talk between chromosomal positioning within the nucleus and the positioning of cellular components within the cell.
Materials and Methods
Strains, plasmids, media, and genetic methods. The S. cerevisiae strains and oligonucleotides used in this study are listed in Table 1 and  Table 2 respectively.
] was used as a host for plasmid construction. The standard genetic methods for E. coli and S. cerevisiae were applied as described by Sambrook et al. 16) and Rose et al. 17) respectively. S. cerevisiae strain CH53, which monitors the efficiency of sitespecific recombination between the CEN5 and HIS3 loci (CEN5-HIS3 recombination), and is the original strain responsible for obtaining the HCH6 mutant, was constructed essentially as described previously. 15) The recombination target site cassettes RS-HEAD and RS-TAIL were integrated at 0.26 kb from CEN5 on chromosome V and the HIS3 locus on chromosome XV of strain KA311B, and R expression plasmid pHM209 was introduced. The yeast knock-out strains (YKO) used in the analysis of the gene responsible for the HCH6 mutant were derivatives of haploid strain BY4742 (MAT his3Á1 leu2Á0 lys2Á0 ura3Á0). They were purchased from Open Biosystems (Huntsville, AL). Plasmids pRS316 (SSD1) and pRS306 (SSD1) were constructed by cloning the 5.1-kb BamHI-SalI wild-type SSD1 DNA fragment into the BamHI-SalI sites of pRS316 18) and pSR306 18) respectively. To analyze the involvement of SSD1 in the efficiency of the CEN5-HIS3 recombination, strain TY1006, CH53 (ssd1Á), was developed by transformation of CH53 with the ssd1Á::kanMX DNA fragment, which was PCR-amplified using BY4742 (ssd1Á) chromosomal DNA as template and primers SSD1D5 and SSD1D3, to cause one-step gene replacement of the chromosomal SSD1 locus. To construct strain TY1008, CH53 (ssd1Á ssd1 (HCH6)), the 5.2-kb ssd1 DNA of HCH6 was PCR-amplified using HCH6 chromosomal DNA as template and primers SSD15ABa and SSD13C5Sa. The amplified DNA fragment was doubly digested with BamHI and SalI, and then ligated into the pRS306 plasmid at the BamHI and SalI sites. The resulting plasmid pRS306 (ssd15.2 (HCH6)) was integrated at the chromosomal ura3 locus of TY1006 by transformation after cutting with NcoI. Integration and replacement of the DNA fragments were confirmed by PCR.
To visualize the positions of the CEN5 and HIS3 loci and of SPB within the nucleus, the pCEN5UA, pCEN5TA, pHM2002TX, YEp331GFPL, and pRS314 (GFP-TUB4) plasmids were constructed. To construct the pCEN5UA, pCEN5TA, and pHM2002TX plasmids, 96 Â RBS DNA was constructed first. Two single-strand oligonucleotides, RBS1A and RBS1B, were annealed to produce 39-bp SalI-XhoI RBS1 DNA containing two tandem repeats of the R binding sequence (RBS). The RBS1 DNA was ligated into pRS303 18) at the SalI site. Plasmid pRBS3 contained three tandem repeats of RBS1 DNA in the same direction. To increase the number of RBSs in the plasmid, pRBS3 was doubly digested with SacI and SalI and also with XhoI and ScaI. Two kinds of DNA fragments containing RBS were produced by the double digestion, and they were ligated to generate a plasmid containing six copies of RBS1 DNAs. pRBS48, including 48 copies of RBS1 DNA, that is 96 copies of RBS (96 Â RBS DNA), was constructed by repeating this operation 3 times. The TRP1 gene was excised from YRp7 19) with PstI and EcoRI, blunted with the Klenow enzyme, and ligated with XhoI-digested and blunted pRBS48. The KpnI site of the resulting plasmid was converted to a SalI site through digestion with KpnI, blunt-ending, and ligation with SalI linker (Takara, Kyoto, Japan). The XhoI site of the resulting plasmid was disrupted through digestion with XhoI, blunt-ending, and self-ligation. The resulting plasmid was designated pHM2002TX. It was used in transformation after cutting with NcoI for insertion of 96 Â RBS DNA at the HIS3 locus. The 2.6-kb 96 Â RBS DNA-TRP1 cassette was excised from the resulting plasmid with SalI and ligated with XhoI-digested pHM741 containing the 3.8-kb BamHI CEN5 fragment from ! phage clone 5-7F12 20) (a gift from Professor K. Isono) and converting the EcoRI site to a XhoI site. The 6.4-kb fragment excised from the resulting pCEN5TA with BamHI was used in transformation for the insertion of 96 Â RBS DNA at the CEN5 locus. To construct pCEN5UA for insertion of the 96 Â RBS DNA at the CEN5 locus, the URA3 gene was excised from YEp24 19) with HindIII, blunted, and ligated with XhoI-digested and blunted pRBS48. The KpnI site was converted to a SalI site by digestion with KpnI, blunt-ending, and ligation with SalI linker. The 2.9-kb 96 Â RBS DNA-URA3 cassette was excised from the resulting plasmid with SalI and ligated with XhoI-digested pHM741 containing the 3.8-kb BamHI CEN5 fragment. The 6.7-kb fragment excised from the resulting pCEN5UA with BamHI was used in transformation for the insertion of the 96 Â RBS DNA at the CEN5 locus. To construct the YEp331GFPL plasmid, the GFP gene (including the coding region) was excised from pKS65T (a gift from Dr. M. Kataoka) with EcoRI and XbaI, and subcloned into pRS313 18) at the EcoRI and XbaI sites. The R gene fragment (including 495 bp upstream of the start codon of the R gene to 64 bp upstream of the termination codon) was excised from pSRT331 21) with SalI and HpaI, and ligated into the resulting plasmid at the SalI and EcoRV sites to place it upstream of the GFP. The R-GFP fragment was excised from the resulting plasmid with ApaI and SacI, and subcloned into pYO325 (a YEp-type plasmid containing the LEU2 marker, a gift from Dr. Y. Kaneko) at the ApaI and SacI sites. The resulting plasmid was used as YEp331GFPL. To construct pRS316 (GFP-TUB4), the HIS4 promoter (P HIS4 , including 490-bp upstream of the start codon) was PCR-amplified using primers HIS4PN and HIS4PC with genomic DNA as template and cloned into the SalI and EcoRI sites of pRS316. The GFP gene (including the coding region) was PCR-amplified using primers EGFPN and EGFPC with pEGFP-N1 (Clontech Laboratories, Palo Alto, CA) as template, cut with EcoRI and BamHI, and placed downstream of the P HIS4 in the resulting plasmid. The TUB4 gene (including the coding region and the termination codon) was PCRamplified using primers TUB4BN and TUB4BC with genomic DNA as template, cut with XbaI and SacI, and placed downstream of P HIS4 -GFP in the resulting plasmid. The resulting plasmid was used as pRS316 (GFP-TUB4). To make it possible to observe the CEN5 and HIS3 loci of CH53, the HCH6 and CH53 (ssd1Á) strains, 96 Â RBS was inserted at the CEN5 and HIS3 loci of the strains with pCEN5UA and pHM2002TX respectively. YEp331GFPL, expressing GFP-tagged recombinase, was then introduced. To observe the CEN5 locus and SPB of the CH53, HCH6, and CH53 (ssd1Á) strains, 96 Â RBS was inserted at the CEN5 locus with pCEN5TA, and then YEp331GFPL and pRS316 (GFP-TUB4) were introduced.
YPAD nutrient medium and synthetic media SGlu, SGal, and SRaf containing glucose, galactose, and raffinose as carbon sources for yeast and LB medium for Escherichia coli were described previously.
15) The yeasts were cultivated at 25 C and at high temperatures of 38 C and E. coli at 37
C. The expression of the -galactosidase gene in the S. cerevisiae cells was detected by the blue color of the colonies on an X-gal plate: a synthetic medium containing glucose and X-gal (5-bromo-4-chloro-3-indolyl--D-galactopyranoside, 40 mg/mL; Wako Pure Chemical Industries, Osaka, Japan).
Monitoring efficiency of site-specific recombination between the CEN5 and HIS3 loci. The efficiency of CEN5-HIS3 recombination was monitored by a method described previously. 15) Yeast strains CH53 and HCH6 have recombination target site cassettes RS-HEAD and RS-TAIL at the CEN5 and HIS3 loci respectively. Recombination between RS-HEAD and RS-TAIL generates the P PGK1 -lacZ gene, and then the cell constitutively produces -galactosidase. Yeast cells grown in SRaf medium were inoculated into SGal medium and incubated at 25 C to induce production of recombinase R. After incubation for 48 h, the cells were inoculated into a fresh SGal medium and incubated for a further 24 h. The cultures were withdrawn at intervals of 24 h and spread on an SGlu plate containing 40 mg/mL of X-gal after appropriate dilution, and incubated at 25 C for 4 d. Blue colonies appearing on the X-gal plate were considered recombinant clones, and the efficiency of site-specific recombination was deduced from the number of blue colonies among all the colonies. Approximately 300 colonies were counted at each sampling.
Isolation of higher efficiency mutant. CH53 cells were treated with ethyl methanesulfonate (EMS, Wako, Osaka, Japan, 3%, survival rate: approximately 10%). From a total of 2,120 clones, clones with higher efficiency of CEN5-HIS3 recombination were selected by a simple 
monitoring method. The EMS treated clones were pre-cultured in SRaf medium, spotted on an SGal plate, and incubated at 25 C for 24 h to express the R gene. The plates were replicated on SGlu plates containing X-gal and incubated at 25 C for 3 d. Sixty-one clones with a significantly higher ratio of blue regions in the colonies than the wildtype strain were selected. The recombination efficiency of the 61 clones was then monitored carefully by the method described above. A clone, named the HCH6 mutant, displaying 2.5-fold higher efficiency of site-specific recombination than the wild-type strain (CH53) was used in further analysis. The mutation point of the ssd1 gene in the HCH6 mutant was determined by sequencing of ssd1 DNA obtained through amplification from genomic DNA of HCH6 cells by PCR.
Temperature sensitivity and sensitivity to low osmolarity. Yeast cells were grown in an appropriate medium and their cultures were serially diluted (10-fold, 10{10 5 ). Five mL of each dilution was spotted on a YPAD plate, or on a YPAD plate containing 1.0 M sorbitol, and incubated at 25 C or 38 C for 2 d.
Visualization of actin, chitin, and SPB within cells. Yeast cells grown in an appropriate medium at 25 C to logarithmic phase were further incubated at a high temperature, 38 C, for 6 h. The cells were fixed with 3.7% formaldehyde with shaking at 25 C for 30 min and then washed 3 times with phosphate buffered saline (PBS). For actin staining, the washed cells were resuspended in PBS with Rhodamine pharoidin (Cytoskeleton, Denver, CO; 0.8 mg/mL) and incubated by stirring them moderately for 2 h. For chitin staining, the washed cells were resuspended in PBS with Calcoflour white (Sigma, St. Louis, MO; 1.3 mg/mL) and incubated for 10 min. To observe SPB, cells having the pRS315 (GFP-TUB4) plasmid expressing SPB component protein Tub4p with the GFP-tag were used. The cells were washed with PBS and observed by differential interference contrast (DIC) optics and under a fluorescence microscope (Eclipse 50i, Nikon, Tokyo). Images were acquired using a CCD camera (DS-5Mc, Nikon) and ACT-2U software (Nikon), and processed by Image J ver.1.43r (National Institutes of Health, Bethesda, MD).
Measurement of distances between the CEN5 and HIS3 loci and between the CEN5 locus and SPB within the nucleus. The CEN5 and HIS3 loci within the nucleus were observed using a visualizing system by illuminating the spatial positions of random points on a chromosome. Target points were illuminated by the insertion of 96 Â RBS DNA into the target points and by the expression of GFP-tagged recombinase. SPB was luminescent under expression of the P HIS4 -GFP-TUB4 fusion gene. Yeast cells incubated at 25 C for 1 d were inoculated in SGlu medium and incubated further at the same temperature for 4 h to logarithmic phase. The cells were washed with PBS and observed under a fluorescence microscope with blue excitation light. The images were collected and processed as described above. The distance between the two fluorescent spots was measured. For each strain, more than 100 cells were counted.
Analysis of the chromatin condensation state by micrococcal nuculease sensitivity. The chromatin condensation state of the centromere region was investigated by digestion sensitivity of chromatin with micrococcal nuclease using a protocol modified from Veit and Fangman. 22) Cells of CH53, HCH6, and TY1006 were grown at 25 C in YPAD medium until OD 660 reached 1.0. The cells were spheroplasted by incubation at 28 C for 1 h in zymolyase solution (40 mM potassium phosphate buffer pH 6.8, 1.0 M sorbitol, 0.125 mg/mL zymolyase 100T, Seikagaku, Tokyo). The spheroplasts were washed once with sorbitol solution (1.0 M sorbitol, 0.2 mM CaCl 2 ) and suspended in hypotonic buffer (1 mM 1,4-piperazinediethanesulfonic acid, pH 7.0, 0.2 mM CaCl 2 , and 1 mM phenylmethylsulfonyl fluoride). The suspension was incubated at 37 C for 10 min, and MNase (75 U, Worthington Biochemical, Lakewood, NJ) was added. After initiation at 37 C, samples were removed at different times and the reaction was terminated by the addition of EDTA (final concentration 25 mM, pH 8.0). After the addition of pre-warmed lysis buffer (0.2 M NaCl, 0.1 M EDTA, 5% SDS, 50 mM Tris-HCl buffer pH 8.5, 0.01 mg/mL Pronase E, Kaken Pharmaceutical, Tokyo), the mixture was incubated at 60
C for 1 h. The DNA was purified by phenol:chloroform extraction and digestion with RNase A (Sigma, St. Louis, MO; 0.1 mg/mL), and then precipitated with ethanol. The purified DNA was digested with BamHI and subjected to Southern hybridization with DIG-labeled 172-bp DNA (nucleotides 152,691 to 152,862 of chromosome V) close to CEN5 as probe. Southern hybridization was done with a DIG DNA Labeling and Detection Kit (Roche Diagnostics, Mannheim, Germany) following the protocol recommended by Roche. Chemoluminescence detection of the DIG-labeled DNA probe was done using CDP-Star (Roche), instead of colorimetric detection.
Results and Discussion
Previously we examined the efficiencies of sitespecific recombination between various sets of two target points on chromosomes. The recombinations, where one or both target points were located near the centromere, showed lower efficiency. These results indicate that the efficiency of site-specific recombination decreased due to the particular chromatin structure of the centromere region or to the localization of the centromere within the nucleus. To investigate the unique nature of centromere region in the chromosomal packaging further, we isolated a mutant that increased the efficiency of site-specific recombination between the CEN5 and HIS3 loci (CEN5-HIS3 recombination) as compared to the CH53 strain (the wild-type strain). The HCH6 mutant showed 2.5-fold higher efficiency of CEN5-HIS3 recombination than CH53 (Fig. 1) . At a high temperature, 38 C, the HCH6 cells stopped growing, with accumulation of large unbudded cells (Fig. 2) having a single nucleus of 1C-DNA (data not shown). While these characteristics indicate G 1 arrest of HCH6 at high temperature, two SPBs appeared distantly located in the cell as the S-G 2 phase cell (Fig. 2D) . At high temperature, two SPBs were observed in 39% of Recombination between CEN5 and HIS3 Loci. The efficiency of site-specific recombination of CH53 ( ), HCH6 ( ), HCH6 havig a single copy of the SSD1 gene (HCH6 (SSD1), TY1007) ( ), the CH53 disrupted SSD1 gene through replacement with the KanMX deletion cassette (CH53 (ssd1Á), TY1006) ( ), and CH53 introduced a single copy of the ssd1 gene of the HCH6 mutant after disruption of the SSD1 gene (CH53 (ssd1ÁÁssd1 (HCH6)), TY1008) ( ) was monitored. Cells of each strain cultured in SRaf medium were incubated in SGal medium at 25 C for 3 d. Samples were removed at the indicated times after galactose induction, spread on SGlu plates containing X-gal, and incubated at 25 C for 4 d. Percentages of blue colonies that appeared at each sampling time were observed among total colonies (n ¼ approximately 300 colonies). Averages of three independent experiments are plotted. The experimental data with SD are also shown in the supplemental Data (see Biosci. Biotechnol. Biosci. Web site). the unbudded cells in HCH6, but they were hardly observed in CH53 (1%) ( Table 3 ). The growth defect at high temperature was eliminated by incubation in osmotically stabilized medium with 1.0 M sorbitol ( Fig. 2A) . Furthermore, at high temperature, the chitin ring and actin cables disappeared, and actin patches appeared randomly in the HCH6 cells (Fig. 2B, C) . Besides increased efficiency of CEN5-HIS3 recombination, the HCH6 mutant showed characteristics of cell integrity defect, including growth defect at high temperature, sensitivity to low osmolarity, and loss of cell polarity. This suggests the possibility of a relationship between increased efficiency of CEN5-HIS3 recombination and the defect in cell integrity. By genetic analysis of the HCH6 mutant, we could not determine whether the genes responsible for increasing the efficiency and causing the defect in cell integrity are identical. First, we wanted to identify the gene responsible for causing the defect in cell integrity. Yeast Knock-out (YKO) strains, a collection of disruption mutants covering approximately 4,800 non-essential genes, have been developed in S. cerevisiae. For the disruptants of the genes related to cell integrity in YKO, we examined to determine whether the various genes would display growth defects at high temperature. The bck1Á, mpk1Á, and ssd1Á strains showed temperaturesensitive growth. ssd1Á alone did not recover temperature-sensitive growth in complementation analysis between these disruptants and the HCH6 strain (data not shown). Moreover, all the phenotypes of defects in cell integrity, such as growth defect at high temperature, sensitivity to low osmolarity, and loss of cell polarity, were removed by the introduction of the YCp plasmid having a wild-type SSD1 gene into the HCH6 cells (Fig. 3) . With this introduction, no cells having two SPBs were observed among the unbudded cells in HCH6 at high temperature. Thus, the abnormal behavior of SPB in HCH6 was also removed ( Table 3 ). The nucleotide sequence of ssd1 of the HCH6 mutant revealed that a nonsense mutation was introduced by replacing G with T in the 232d nucleotide within the open reading frame (3,750 nucleotides). This indicates that the SSD1 gene is responsible for the defects in cell integrity in the HCH6 mutant.
Next we examined to determine whether the SSD1 gene is involved in the efficiency of CEN5-HIS3 recombination (Fig. 1) . The HCH6 mutant showed 2.5-fold higher efficiency of CEN5-HIS3 recombination than the CH53 strain. Efficiency was decreased approximately to an intermediate level between the CH53 and HCH6 strains by the introduction of a single copy of the SSD1 gene into the HCH6 mutant, and increased approximately to an intermediate level by disruption of the SSD1 gene with the kanMX gene. This suggests that mutant Ssd1p, constructed of only 77 amino acid residues, increased the efficiency of the CEN5-HIS3 recombination in addition to the increase due to the loss of function of Ssd1p in the HCH6 cells. To confirm this, the ssd1 gene of the HCH6 cells was cloned by PCR amplification using HCH6 chromosomal DNA as template and was introduced into SSD1-disrupted CH53 C to 38 C for 6 h. Fixed cells were treated with 0.8 mg/mL of rhodamine pharoidin (B) and 1.3 mg/mL of calcofluor white (C) to observe actin and chitin respectively. To observe SPB, cells of the CH53 and HCH6 strains expressing GFP-TUB4 were shifted from 25 C to 38 C for 6 h (D). Images were acquired with appropriate filter sets. Microscopic images of differential interference contrast (DIC) and fluorescence for each strain are shown in upper and lower panels respectively. Bar, 5 mm. The experiments were performed as described in Fig. 2 and Fig. 3 . For each sample, more than 100 cells were counted.
cells. Efficiency was somewhat increased by the introduction of the ssd1 gene of HCH6 cells, although it was slightly lower than that of the HCH6 cells (Fig. 1) . The efficiency of the CEN5-HIS3 recombination was also increased by introducing the ssd1 gene of HCH6 cells into CH53 cells (data not shown). This confirms the above possibility, and indicates that the SSD1 gene is responsible for increasing the efficiency of the CEN5-HIS3 recombination in HCH6 cells. The difference in efficiency between the HCH6 and the SSD1-disrupted CH53 cells having ssd1 of HCH6 cells suggests the presence of another mutant gene or other mutant genes involved in increasing efficiency. This gene or genes would further complicate the genetic analysis of the HCH6 mutant. The efficiency of site-specific recombination depends on the accessibility of recombinase to the recombination target sequence and accessibility between two recombination target sequences. One possible reason for the increase in the efficiency of the CEN5-HIS3 recombination is that CEN5 locus can contact the HIS3 locus more efficiently in HCH6 cells. In the interphase, the centromere is anchored near SPB, and it is difficult for the CEN5 locus to contact the HIS3 locus in wild-type cells, whereas due to a loss of anchoring, the CEN5 locus is believed to move more freely within the nucleus and easily to contact the HIS3 locus in HCH6 cells. To confirm this for CH53, HCH6, and SSD1 disruptant cells, the approximate distances between the CEN5 and HIS3 loci and between the CEN5 locus and SPB within the nucleus were examined (Fig. 4) . The CEN5 and HIS3 loci were brightened fluorescently by binding a large number of GFP-tagged R protein molecules to 96 copies of the tandem repeat of the R binding sequence (RBS) inserted at the respective loci on the chromosomes. SPB was illuminated by producing GFP-tagged Tub4p, a component of SPB containing a large number of Tub4p molecules, using the pRS316 (GFP-TUB4) plasmid. Two illuminated spots that marked the CEN5 and HIS3 loci and CEN5 and SPB were observed under a fluorescence microscope, and the distance between the spots was measured. In the CH53, HCH6, and CH53 (ssd1Á) strains, approximately 100 unbudded and small budded cells, cells in the G 1 phase, were examined for the distances between the CEN5 and HIS3 loci and between CEN5 and SPB. For the distance between the CEN5 and HIS3 loci, there were more cells with shorter distances in the HCH6 strain than in the CH53. The percentages of cells of less than 0.50 mm length were 2% for the CH53 strain and 33% for the HCH6 strain. We established the 0.50-mm length as a criterion because the distance covering one-third of the nucleus as center with a peak distance of 0.75-1.00 mm in the CH53 strain was 0.50-1.25 mm, and in the CH53 (ssd1Á) strain the percentages of cells with longer and shorter distances were greater, and the distances were distributed across various lengths (Fig. 4A) . For the distance between the CEN5 locus and SPB, there were more cells with longer distances in the HCH6 and CH53 (ssd1Á) strains than in the CH53 strain. The percentages of cells more than 1.00 mm in length were 13% for the CH53 strain, 49% for the HCH6 strain, and 68% for the CH53 (ssd1Á). We established the 1.00-mm length as a criterion because the distance covering one-third of the nucleus as center with a peak distance of 0.50-0.75 mm in the CH53 strain was 0.25-1.00 mm. The average distance for the cells examined was greater both for the HCH6 and the CH53 (ssd1Á) strain (Fig. 4B) . The percentages of cells with longer distances in CH53 (ssd1Á) were slightly larger than in HCH6, and the distances in CH53 (ssd1Á) were slightly distributed. These results indicate that anchoring of the CEN5 locus was lost near SPB due to disruption of the SSD1 gene, which increased the degree of freedom for the CEN5 locus. It is suggested that the CEN5 locus move more freely and is randomly distributed within the nucleus. This random distribution of the CEN5 locus might show a broad range of distances between the CEN5 and HIS3 loci and between the CEN5 locus and SPB, lacking a clear peak in the CH53 (ssd1Á) strain and might show many cells with large distances. The freedom of the CEN5 locus is thought to cause it to contact easily the HIS3 locus and thus to increase the efficiency of the CEN5-HIS3 recombination. Therefore, the efficiency of the CEN5-HIS3 recombination in the CH53 (ssd1Á) strain might indicate that it is higher than in the CH53 strain, while the distances between the CEN5 and HIS3 loci were distributed in CH53 (ssd1Á) strain. Moreover, our results suggest that in HCH6 cells, the anchoring of the CEN5 locus was lost and then the CEN5 locus spatially approached the HIS3 locus due to the action of 77 amino-acid residues of mutant Ssd1p. Hence it is thought that in CH53 (ssd1Á), the CEN5 locus was randomly distributed within the nucleus, whereas in HCH6 the CEN5 locus was located in a partially restricted area within the nucleus and easily accessed the HIS3 locus. In view of this different situation of the CEN5 locus between the two strains and the difference in position between the HIS3 locus and SPB within the nucleus, HCH6 and CH53 (ssd1Á) might show different behavior as to the distance between the CEN5 and HIS3 loci (Fig. 4A) , but somewhat similar behavior as to the distance between the CEN5 locus and SPB (Fig. 4B) . It is thought that the increase in accessibility between the CEN5 and HIS3 loci brought about the increase in efficiency of the CEN5-HIS3 recombination in the HCH6 strain. Thus efficiency was increased both in HCH6 and CH53 (ssd1Á) as compared to CH53 in spite of the different behavior of HCH6 and CH53 (ssd1Á) as to the distance between the CEN5 and HIS3 loci (Fig. 4A) . The increase in freedom of the CEN5 locus caused an increase in the accessibility between the CEN5 and HIS3 loci in CH53 (ssd1Á), and the approach between the CEN5 and HIS3 loci due to the mutant Ssd1p (77 amino-acid residues) in addition to the increased freedom brought about a greater increase in accessibility in HCH6. Based on the effect of freedom, setting aside the question of distance, it might appear that there is not necessarily any relationship between efficiency of recombination and distance. If the mutant Ssd1p (77 amino-acid residues) acts to effect on accessibility between the CEN5 and HIS3 loci, the increase in efficiency due to the introduction of ssd1 of the HCH6 mutant into CH53 (ssd1Á) may be somewhat low (Fig. 1) . We thought that the increase in accessibility between the CEN5 and HIS3 loci due to the mutant Ssd1p was not sufficient for most efficient accessibility and was under restriction. The presence of other mutant genes involved in increasing the efficiency in HCH6 is suggested. The condensation state of chromatin in the CEN5 region, in which RS-HEAD was inserted, was examined by sensitivity to micrococcal nuclease (Fig. 5) . There was no significant difference in sensitivity among the CH53, HCH6, and CH53 (ssd1Á) strains. Therefore the condensation state of chromatin in the CEN5 region has no role in increasing the efficiency of the CEN5-HIS3 recombination in the HCH6 and CH53 (ssd1Á) strains.
The loss of function of Ssd1p increased the efficiency of the CEN5-HIS3 recombination and caused a loss of anchoring of the CEN5 locus near SPB. These findings suggest that the Ssd1p is involved in chromosomal positioning within the nucleus. Ssd1p is a predominantly cytoplasmic protein with a molecular weight of 140 kDa, similar to various ribonucleases (S. cerevisiae Dis3p, 23) 24% amino acid identity, and E. coli RNase II, 24) 21% amino acid identity). Although Ssd1p has two distinct binding activities, for RNA 25) and the carboxyl-terminal domain of RNA polymerase II, 26) it shows no ribonuclease activity, and the pleiotropic in vivo function involves many biological processes, including cell integrity, 27) cell morphogenesis, 28) cell cycle progression, 29) pathogenicity, 30) and longevity. 31 To determine the distance between the CEN5 and HIS3 loci (A), 96 Â RBS DNAs were constructed from 96 tandem repeat copies of the recombinase binding site and inserted into the CEN5 and HIS3 loci, and the R-GFP fusion gene was introduced and expressed in the CH53, HCH6, and CH53 (ssd1Á) strains (CH53; TY1009, HCH6; TY1010, CH53 (ssd1Á); TY1011). For the distance between the CEN5 locus and SPB (B), instead of inserting 96 Â RBS DNA into the HIS3 locus, the P HIS4 -GFP-TUB4 fusion gene was introduced and expressed (CH53; TY1012, HCH6; TY1013, CH53 (ssd1Á); TY1014). The unbudded and small budded cells among the exponentially growing cells were observed under a fluorescence microscope, and the distances between pairs of fluorescent spots were measured. The distances for the various strains were represented in a histogram at 0.25-mm intervals. For each strain, more than 100 cells were counted.
ssd1-d and SSD1-V (wild-type) cells using transcript microarrays, and found that 15% of the transcripts were differentially expressed. 32) However, the expression levels of the P GAL1 -R-lacZ fusion gene showed no significant difference between CH53 and HCH6 cells when examined by -galactosidase activity (data not shown). Therefore, the transcription levels of the recombinase gene and the stability of the transcript of the recombinase gene are not dependent on Ssd1p. Recombinase molecules within a cell are not the reason for the increased efficiency of the CEN5-HIS3 recombination of HCH6. Ssd1p localizes predominantly in the cytoplasm. 25) There is thus a possibility that Ssd1p affects the transcripts of genes related to chromosomal positioning and regulates positioning. Ssd1p binds transcripts of the genes related to cell-wall organization and the CLN2 gene, and regulates the expression of these genes. [33] [34] [35] The signals of bud morphogenesis and cell-cycle progression regulated by Ssd1p are believed to be associated closely with the precise chromosomal positioning, or unknown transcripts associated with Ssd1p play a role in the precise chromosomal positioning. The other possibility is that Ssd1p within the nucleus regulates chromosomal positioning by interacting with the factor responsible for the precise positioning, or by regulating the transcription of the genes related to chromosomal positioning by associating with RNA polymerase II. Cell integrity plays a role in cellular polarity. Mutation of a major SPB component, SPC110 encoding, leads to a defect in cell integrity, and SPC110 interacts genetically with the genes in the PKC1 pathway to form part of the cell integrity pathway. 36, 37) This fact also suggests an interaction between SPB and cell integrity. It is hence believed that there is cross-talk, involving Ssd1p, between chromosomal positioning within the nucleus and the positioning of cellular components within the cell. Furthermore, a mutant Ssd1p constructed from 77 amino acid residues (about 10 kDa) carrying a highly conserved region in the domain interacting with the hyperphosphorylated Cterminal repeat domain of RNA polymerase II 26, 34) is a small molecule that can be transported into the nucleus by simple diffusion.
1) It might act directly in changing the position of the CEN5 locus within the nucleus. Detailed analysis of the function of Ssd1p should determine the mechanism of chromosomal packaging within the nucleus. Chromatin was digested with MNase for the indicated times and the DNA was purified, digested with BamHI, separated by agarose gel electrophoresis, and then stained with ethidium bromide (B, left panel for each strain). The DNA was then transferred to a nylon membrane and hybridized with DIG-labeled 172-bp DNA close to CEN5 as probe (B, right of each strain). M1, 100-bp DNA ladder. M2, !-BstPI digest.
